Context. Streaming instability can be a very efficient way of overcoming growth and drift barriers to planetesimal formation. However, it was shown that strong clumping, which leads to planetesimal formation, requires a considerable number of large grains. State-ofthe-art streaming instability models do not take into account realistic size distributions resulting from the collisional evolution of dust. Aims. We investigate whether a sufficient quantity of large aggregates can be produced by sticking and what the interplay of dust coagulation and planetesimal formation is. Methods. We develop a semi-analytical prescription of planetesimal formation by streaming instability and implement it in our dust coagulation code based on the Monte Carlo algorithm with the representative particles approach. Results. We find that planetesimal formation by streaming instability may preferentially work outside the snow line, where sticky icy aggregates are present. The efficiency of the process depends strongly on local dust abundance and radial pressure gradient, and requires a super-solar metallicity. If planetesimal formation is possible, the dust coagulation and settling typically need ∼100 orbits to produce sufficiently large and settled grains and planetesimal formation lasts another ∼1000 orbits. We present a simple analytical model that computes the amount of dust that can be turned into planetesimals given the parameters of the disk model.
Introduction
The number of known exoplanets is steadily rising, and it already exceeds 1800 1 . Indirect methods indicate that every star in our Galaxy has at least one planet on average (Cassan et al. 2012 ). Planet formation is ubiquitous and results in a variety of planetary system architectures. However, the details remain a mystery, as they are impossible to follow with direct observations, which only cover the very first stages of planet formation, when protoplanetary disks consist mainly of gas and small dust particles, and the result in the form of the exoplanet population.
Planets form in disks surrounding young stars. The solid material initially consists only of µm-sized grains, which are already present in the interstellar medium (Pagani et al. 2010 ). Analytical and numerical models of dust evolution aim to explain the growth of the primordial µm-sized grains through around 40 orders of magnitude in mass to planets that are greater than 1000 km in size. However, the growth already encounters serious obstacles at the beginning of the size range, and these are referred to as growth barriers. There are, in principle, two kinds of growth barriers: those resulting from collisional physics of dust aggregates, and those resulting from radial drift timescale. The first type are known as the bouncing and fragmentation barriers. They arise when the impact speeds are too high to allow aggregate sticking. An overview of collisional physics of dust aggregates is given by Güttler et al. (2010) . Implementing a comMember of the International Max Planck Research School for Astronomy and Cosmic Physics at the Heidelberg University 1 1832 known exoplanets according to the Extrasolar Planets Encyclopaedia http://exoplanet.eu on 13 October 2014 plex model derived from laboratory work into a dust coagulation code, Zsom et al. (2010) found that silicate grain growth is inhibited by aggregate compaction and bouncing already at millimeter sizes. Icy particles, which can exist outside the snow line, are considered to be more sticky and presumably avoid the bouncing behavior (Wada et al. 2011) . However, even without bouncing, impact velocities reaching a few tens m s −1 are too high to allow grain growth and instead lead to fragmentation (Blum & Münch 1993; Blum & Wurm 2008; Meru et al. 2013b) . At even smaller sizes, for <mm-sized aggregates, there was another sticking barrier found, called the charge barrier, which results from the electrostatic charge of small aggregates (Okuzumi 2009 ).
Barriers of the second kind are connected to the radial drift, which is caused by the sub-Keplerian rotation of pressure supported gas disk. The dust grains interact with the gas via aerodynamic drag, lose their angular momentum, and drift toward the central star. For roughly decimeter-sized grains, the drift timescale is typically shorter than the growth timescale. Thus, such grains are removed from a given location in the disk before they can produce any larger aggregates (Weidenschilling 1977; Nakagawa et al. 1986; Brauer et al. 2007 Brauer et al. , 2008a .
There are several concepts that facilitate overcoming the growth barriers and producing bodies which are held together by self-gravity, for example planetesimals with minimum size of 100 m (Benz & Asphaug 1999) . Such concepts are, among others, pressure bumps (Whipple 1972; Kretke & Lin 2007; Brauer et al. 2008b; Pinilla et al. 2012; Drążkowska et al. 2013) , dust accumulation in vortices (Barge & Sommeria 1995; Bracco et al. 1999; Klahr & Bodenheimer 2006; Lyra et al. 2009; Meheut et al. 2010) , sweep-up growth scenario (Windmark et al. Article number, page 1 of 12
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A&A proofs: manuscript no. coagulation-si 2012a,b; Garaud et al. 2013; Meru et al. 2013a; Drążkowska et al. 2014) , ice condensation (Cuzzi & Zahnle 2004; Ros & Johansen 2013) , and ultra-porous grain growth Kataoka et al. 2013a) . A review of the current understanding of planetesimal formation can be found in Johansen et al. (2014) . In this paper, we focus on planetesimal formation by gravitational collapse of dense dust clumps produced by twofluid instability known as the streaming instability.
One of the early scenarios of planetesimal formation was proposed by Goldreich & Ward (1973) . This model relied on dust settling toward the midplane of the protoplanetary disk and the formation of a thin, unstable disk of solids. This thin disk would then fragment because of the gravitational instability and the fragments would collapse directly into planetesimals. However, it was found that formation of such a thin midplane layer is not possible, because as soon as the local dust-to-gas ratio in the midplane exceeds unity, the shear instabilities occur (Weidenschilling 1980; Cuzzi et al. 1993; Weidenschilling 1995) , in particular the Kelvin-Helmholtz instability (Johansen et al. 2006; Barranco 2009 ).
Formation of planetesimals by gravitational instability is still possible if a strong clumping of dust is present. The complicated interactions between gas and dust may lead to the development of a powerful instability, called streaming instability, that causes strong inhomogeneities in the dust density (Goodman & Pindor 2000; Youdin & Goodman 2005 ). The instability is most efficient for high dust-to-gas ratios and large particles, with stopping times corresponding to the orbital timescale. Youdin & Johansen (2007) and Johansen et al. (2007) confirmed that this instability is able to produce very dense dust clumps and leads to rapid planetesimal formation. This result was later confirmed by high resolution numerical simulations (Johansen et al. 2011) , as well as by other authors using different methods and codes (Balsara et al. 2009; Tilley et al. 2010; Bai & Stone 2010a; Jacquet et al. 2011; Kowalik et al. 2013) .
The numerical models of the streaming instability are generally computationally expensive and do not allow us to perform wide parameter studies or use extended simulation domains. They are also typically initialized with an arbitrary particle size distribution, often with even just a single particle species. The aggregates sizes used in the simulations are usually large, corresponding to Stokes numbers of 10 −2 − 1, whereas in a primordial protoplanetary nebula we expect µm-sized grains, which correspond to Stokes numbers of 10 −6 . Larger grains may be produced by coagulation, but their maximum size is limited by the growth barriers at Stokes numbers in the range 10 −4 − 10 −1 . Choosing only a narrow size distribution and assuming that all of the dust particles are large leads to a kind of super-critical initial condition and the instability is triggered very quickly. We expect that gradual dust growth leads to a quite wide and highly problem-dependent size distribution, meaning that only a fraction of the largest grains will be able to participate in clumping (Bai & Stone 2010a) . These particles can already form planetesimals, while other particles are still growing and gradually refill the population of big grains.
In addition to the abundant large grains, streaming instability also requires that the vertically integrated dust-to-gas ratio is super-solar and the local dust-to-gas ratio is higher than unity, which means that it can only happen in a dense midplane layer. Such a midplane layer can be relatively easily formed in a dead zone, where no turbulent diffusion is present. In order to investigate the interplay of dust coagulation and planetesimal formation in the streaming instability triggered in a dead zone of protoplanetary disks, we build a semi-analytical model of the latter effect into our dust coagulation code based on the Monte Carlo algorithm and the representative particle approach (Zsom & Dullemond 2008; Drążkowska et al. 2013) . We base our model of the streaming instability on the work of Bai & Stone (2010a,c) . We describe the numerical model in Sect. 2. Basing our work on this approach, we present simple estimates in Sect. 3 and results of the full numerical models in Sect. 4. We offer an analytical formula that explains these results in Sect. 4.3. We discuss the limitations of our approach in Sect. 5 and summarize our work in Sect. 6.
Numerical methods

Dust evolution
We use the Monte Carlo method and the representative particle approach first described by Zsom & Dullemond (2008) to model dust evolution. We developed this method by adding an adaptive grid routine, which enables multi-dimensional models. The code was presented by Drążkowska et al. (2013) . For this paper, we focus on local models, only including the vertical dimension. We have already tested our code with such setups (see Sect. 4 of Drążkowska et al. 2013 ) and we found a good agreement with the results of Dullemond & Dominik (2005) and Zsom et al. (2011) . We have also noticed that the adaptive grid routine allows us to obtain very high resolution of the midplane layer and thus to follow dust evolution in dead zones well.
The representative particle approach relies on the assumption that the evolution of many dust particles can be resolved by following the evolution of only a limited number of so called representative particles. One representative particle represents a swarm of identical physical particles. In our code, all the swarms have equal mass, thus the mass of one swarm M swarm is an adequate fraction of the total dust mass M tot
where N swarms is the number of representative particles, or swarms, present in our simulation (for discussion of the approach restrictions, see Drążkowska et al. 2014) . The collisions between dust particles are modeled with a Monte Carlo algorithm, described in detail in Zsom & Dullemond (2008) and Drążkowska et al. (2013) . In the original code, the particles were influenced by the gas but the gas did not change its state. Here, we assume that the particles are active, i.e., we enable the back-reaction on gas. The effects of the back-reaction are implemented in a semi-analytical way. First, a very crude approach of implementing the turbulence triggered by the streaming instability was already made in the Drążkowska et al. (2013) . However, that approach did not include the dust clumping and the possibility of planetesimal formation, which we include now. As we do not directly model the hydrodynamics of the gas, we cannot capture the two-fluid interactions explicitly. We model dust growth and settling, and include the effects of back-reaction based on results of the direct numerical simulations that investigated the dynamics of dust grains in the midplane of protoplanetary disks presented by Bai & Stone (2010a,c) , and the analytical model by Takeuchi et al. (2012) . We describe this approach in Sect. 2.2.
The dust evolution in a protoplanetary disk is driven by its interactions with gas. We assume that the gas disk is described by the minimum mass solar nebula (henceforth MMSN) model proposed by Hayashi (1981) , where the surface density follows
where r is radial distance to the central star of mass 1 M . The surface density of dust is parametrized by metallicity 2 Z such that Σ d = Z × Σ g . The vertical structure of the gas is described by the local hydrostatic equilibrium and thus the gas density follows
where z is the distance to the midplane and H g = c s /Ω K is the pressure scale height of gas defined by the sound speed c s and orbital frequency Ω K . We assume an isothermal disk with temperature
To investigate dust particles dynamics, it is convenient to use the Stokes number defined as
where t s is the stopping time of the dust particle. The stopping time of a particle determines the timescale that the particle needs to adjust its velocity to the velocity of the surrounding gas.
The exact expression that we use to compute the t s depends on the particle radius, and we use the formulas given by Weidenschilling (1977) . The Stokes number can be used as a particlegas coupling strength indicator. The particles with St 1 are completely coupled and follow the motion of the gas, whereas the particles with St 1 are fully decoupled from the gas. The particles that have St ≈ 1, sometimes called pebbles, are marginally coupled to the gas and suffer the most from this interaction by acquiring high drift and impact speeds. However, these are also the grains that can trigger the streaming instability and form planetesimals, which is what we are investigating in this paper.
In a laminar disk, dust settles because of the vertical component of the star gravity and gas drag. We use the vertical velocity that implements the damped oscillations of large grains, such that the sedimentation rate is consistent with the results of Carballido et al. (2011) :
If turbulence is present, we use the α prescription (Shakura & Sunyaev 1973) , and the turbulent mixing of dust is implemented as random kicks (Ciesla 2010) . The height of the dust layer is regulated by the turbulence strength and settling. Including orbital oscillations of grains with St > 1, we get the scale height of the dust layer (Carballido et al. 2006; Youdin & Lithwick 2007; Carballido et al. 2011 )
The collisions between dust aggregates are driven by the Brownian motion, relative radial, transverse and vertical drift, and turbulence. Although we do not include the radial drift of particles explicitly, we keep the drift speeds as a source of impact velocities, to correctly capture the growth rates and collisional physics.
Streaming instability
In a laminar disk, all dust grains would settle to the midplane and form a very thin and gravitationally unstable midplane layer (Nakagawa et al. 1981) . However, the shear between such a layer and gas triggers turbulence that maintains its height at a level that typically does not allow direct gravitational collapse. The strength of turbulence triggered by the midplane instability was recently investigated by Takeuchi et al. (2012) . They estimated the turbulence efficiency from the energy supplied by the radial drift of dust. Irrespectively of the turbulence mechanism, which can be both the Kelvin-Helmholz and streaming instability, they find that for particles with St < 1 the resulting turbulence strength can be parametrized with
where C 1 = 1, C 2 = 1.6, and C eff = 0.19. As the derivation of this equation was based on the assumption that all dust grains have an equal size corresponding to one Stokes number St, in our implementation we take St =St, a mass-weighted average Stokes number of all the particles. Parameter η is related to the gas midplane pressure P g gradient
It is useful to parametrize the pressure gradient as
the ratio of maximum radial drift speed |η|v K , with v K being the orbital velocity, and the isothermal sound speed c s . Bai & Stone (2010a,c) (henceforth BS10) performed local 2-D and 3-D numerical simulations of particles and gas dynamics in the midplane of a protoplanetary disk using the Athena code, including gas as a fluid and dust as superparticles (Bai & Stone 2010b) . Both the aerodynamic coupling and particles to gas feedback were included. Magnetic forces and self-gravity were ignored. They focused on a laminar disk, where the turbulence is initially not present. They regulated the aggregate sizes by varying the minimum and maximum Stokes number of particles and by assuming that each logarithmic particle size bin is represented by the same amount of mass. They found that the settling of particles triggers the streaming instability and the related turbulence maintained the particles height before the KelvinHelmholtz instability could emerge. The strength of this turbulence is comparable with the results of Takeuchi et al. (2012) represented by Eq. (8).
The most interesting property of the streaming instability in the planet formation context is its ability to concentrate dust particles in dense clumps. Bai & Stone (2010a,c) performed a parameter study, varying dust sizes, the dust-to-gas ratio, and the pressure gradient, in order to define threshold conditions for the strong clumping, over the Roche density, which could lead to planetesimal formation. The grain size distributions used by BS10 had the minimum Stokes number of 10 −4 and the maximum of 1. Analyzing the results of their runs, in particular the dense clumps composition, they concluded that the smallest particles needed to trigger such a strong clumping correspond to a critical Stokes number of St crit = 10 −2 and that a super-solar dust abundance is required. They found that a higher vertically integrated dust-to-gas ratio Z tot lowers the threshold abundance of large grains, as a high dust-to-gas ratio reduces the turbulence and makes it easier to form a dense midplane layer. They also found that the lower the radial pressure gradient, the more easily the streaming instability can be triggered, consistent with findings of Johansen et al. (2007) .
The BS10 work suggests a critical total metallicity as a criterion for strong clumping and they find its value to be in the range 0.02 − 0.07 for different values of the pressure gradient and different sizes of dust grains. They assumed a flat mass distribution in logarithmic size bins in their models. In our runs, the size distribution is an outcome of the Monte Carlo dust coagulation modeling. In order to use the BS10 results in our code, we build a model relying on splitting the dust mass distribution in two parts: particles larger and smaller than the size corresponding to the critical value of the Stokes number St crit = 10 −2 . In our model, we calculate the metallicity Z(St > 10 −2 ) taking into account only the large grains, with Stokes number higher than St crit = 10 −2 ,
where Σ d (St) is dust surface density contributed by particles corresponding to a Stokes number St. If the abundance of large grains Z(St > 10 −2 ) is higher than a critical value Z crit , we assume that clumping over the Roche density happens and planetesimal formation is possible.
The work of BS10 suggests that the value of Z crit depends on the total metallicity Z tot and the radial pressure gradient, which is parametrized with Π. We assume the dependence to be
In order to determine values of the parameters a, b, and c, we analyze the results presented by Bai & Stone (2010c) . For each set of runs sharing the same size distribution and pressure support, we check what is the minimum total metallicity that allows planetesimal formation. Then, we calculate the metallicity contributed by the large grains in these runs (Z crit ) and compare it to the total metallicity (Z tot ). By numerical fitting to the data, we find a = −0.88, b = 0.912714, and c = 0.004125. We present the fit and data extracted from Bai & Stone (2010c) in Fig. 1 . With these values, we find that the absolute minimum metallicity that triggers strong clumping, for the standard value of Π = 0.05, is Z crit = 0.026 (assuming that all the particles are large), which is significantly higher than the standard solar value of 0.01. This result is consistent with the findings of Johansen et al. (2009b) . Our planetesimal formation algorithm works as follows. At every advection time step of the Monte Carlo coagulation calculation, we check the mass distribution of grains produced by the interplay of settling and coagulation, and calculate the metallicity of large grains Z(St > 10 −2 ). If the Z(St > 10 −2 ) is higher than the threshold value of Z crit , planetesimal formation may happen. We also check whether the dust-to-gas ratio in the midplane exceeds unity, as this is a general condition for the streaming instability to be triggered. If both the conditions are fulfilled, we remove some amount of our largest aggregates, which corresponds to an assumed mass of clump M clump , from the dust coagulation code and refer to them as planetesimals. The evolution of the newly formed planetesimals is not included in the current version of the code.
The BS10 models did not include self-gravity, thus the formation of planetesimals was not followed. In our models, the quantity of dust grains removed in one planetesimal-forming event is estimated with the mass of a collapsing clump Fig. 1 . The critical metallicity of large aggregates necessary to trigger planetesimal formation as a function of total metallicity. The points present data obtained in direct numerical simulations by Bai & Stone (2010c) for three different values of the Π parameter. We note that Bai & Stone (2010c) use the symbol Z crit for the critical total metallicity they find for each run, whereas we use it for the metallicity of grains larger than St crit = 10 −2 . The lines show our fit to the data (Eq. 12). The shaded region is where the metallicity of large grains would be higher than the total one, which is not possible.
where ρ 0 d is the dust density in the midplane and H d is the vertical scale-height of the dust. For MMSN at 5 AU, we get M clump ≈ 10 22 g, which corresponds to 100 km-sized planetesimals with the internal density of 1 g cm −3 , consistent with constraints from the asteroid belt (Morbidelli et al. 2009 ). Equation (13) presents a very crude order-of-magnitude estimate based on the typical height of the dust layer, which results from the interplay of settling and the turbulence driven by the streaming instability (Eqs. 7 and 8). In reality, the streaming instability forms elongated filaments that fragment to form planetesimals. Recently, Yang & Johansen (2014) estimated the width of the filaments from direct numerical simulations to be on the order of 10 −2 ×H g , which is consistent with our H d estimate (for St = 10 −2 and α = 10 −6 ). In their simulations, the filaments include dust of density ∼ 10 2 × ρ 0 g , where ρ 0 g is the gas density in the midplane. As in our models ρ 0 d ρ 0 g , the M clump estimated by Yang & Johansen (2014) would be by 2 orders of magnitude higher than calculated from Eq. 13. Nevertheless, we find that the final outcome of our models does not depend on the exact value of the M clump as long as there are no resolution problems coming into play.
To avoid the resolution difficulties, we take care that the mass represented by one swarm M swarm (Eq. 1) is lower than the mass of the collapsing clump M clump , meaning that we remove more than one representative particle to account for collapse of one clump. Thanks to this, the amount of dust removed in one step is not too high. At the same time, we need the M swarm to be higher than the maximum mass of aggregate that can be produced with coagulation, which can be estimated thanks to Eq. (14). The representative particles approach only works when the physical particles are less massive than the mass of one swarm, because of the assumption that one swarm represents multiple physical particles.
Preliminary estimates
We investigate whether the dust coagulation can produce aggregates that are large enough to trigger strong clumping in the streaming instability, which can then lead to planetesimal formation, and model the planetesimal formation when it is possible. We present results of our numerical simulations in Sect. 4, but first we motivate our choice of parameter space with simple estimates.
The size of dust grains that can be obtained by coagulation is limited by numerous effects, such as collisional physics and radial drift. On the other hand, existence of the large grains is crucial for the streaming instability and subsequent planetesimal formation.
The maximum size of aggregates depends mainly on the critical velocity above which particles do not stick. Fragmentation velocities of silicate aggregates are measured in laboratory experiments to be in the range of a few tens of cm s −1 to a few m s −1 , while bouncing collisions already happen at velocities of a few cm s −1 Seizinger & Kley 2013; Kelling et al. 2014) . The collision outcome is known to depend strongly on the porosity, and porous grains may grow even at velocities of 30 m s −1 (Wada et al. 2011 (Wada et al. , 2013 Meru et al. 2013b ). However, numerical models including the porosity have shown that the porous silicate grains will be collisionally compacted and the growth will be halted by bouncing . The dust grains consisting of ices are considered to be significantly more sticky and resistant to compaction Kataoka et al. 2013b; Aumatell & Wurm 2014) . However, as the laboratory experiments involving ices are more challenging than for silicate grains, there is still no detailed collision model for such grains. In the molecular dynamics models, ice grains are found to be very porous and able to grow even at velocities of 50 m s −1 (Wada et al. 2009 ).
To account for the difference in growth efficiency of silicates and ices in our simple model, we assume a different critical velocity for growth inside and outside the snow line. For the silicate particles present inside the snow line (located at 3 AU in this model) we assume an impact velocity for bouncing/ fragmentation of v in = 10 cm s −1 and for icy particles v out = 10 m s −1 . As we place our models in a dead zone, we do not consider turbulence to be a source of impact velocities. The impact velocities are thus determined by relative drift, which can be parametrized by η (Eq. 9). Besides the bouncing and fragmentation, the maximum size of grains can also be restricted by removal of material with radial drift. However, we find that for the enhanced dust abundance, which is a prerequisite for an efficient streaming instability, the growth rate is enhanced as well, and the drift barrier does not influence the maximum size of grains, as this would only occur for particles larger than the size limited by fragmentation. We neglect the removal of material by the radial drift in this paper.
The maximum Stokes number of aggregates resulting from the collisions driven by relative drift can be estimated as )
We plot the size of aggregates corresponding to the St max and the critical value of St crit = 10 −2 in the laminar MMSN disk in Fig. 2 . In other words, Fig. 2 shows where the dust growth can produce aggregates that are large enough to trigger the streaming instability. We find that to obtain grains with St > 10 −2 , the Comparison of maximum dust particle size produced by coagulation (red shaded region) and minimum size needed for planetesimal formation in a dead zone (blue crosshatched region). We assume that particle growth is limited by the relative drift velocities, ignoring turbulence, which corresponds to the dead zone. We find that the maximum particle size exceeds the size corresponding to the St = 10 −2 only for the ices that can exist beyond the snow line, where the presence of ice makes the dust particles more sticky.
velocity v f has to be typically higher than ∼1 m s −1 . Thus, obtaining the particles of St > 10 −2 is very hard inside the snow line, where the growth of silicate particles is halted by bouncing. However, it should be relatively easy in regions where solid ice can exist. The snow line location is fixed at 3 AU in the simple model presented in this section. In a realistic disk, the snow line migrates with time (Davis 2005; Min et al. 2011; Martin & Livio 2012; Bitsch et al. 2014) . If the snow line moves inward, the region where planetesimals can form extends.
Results
We use our dust evolution code together with the planetesimal formation prescription described in Sect. 2 to model dust coagulation and planetesimal formation in a dead zone of the MMSN disk. Motivated by the estimates presented in the previous section, which show that the streaming instability can only form planetesimals outside the snow line, we locate our numerical models at 5 AU, where the cores of giant planets in the solar system were presumably formed. We assume that the dust aggregates have internal density of ρ p = 1 g cm −3 and we treat them as compact spheres. The dust grains have an initial size of 1 µm and are distributed such that the dust-to-gas ratio is constant within the whole vertical range. We let the grains stick, fragment, settle down toward the midplane, and be stirred by turbulence triggered by the streaming instability when the dust-to-gas ratio in the midplane reaches unity. Fragmentation occurs for collisions with impact speeds higher than a critical value v f . All our runs have vertical resolution of 100 grid cells and we place 400 representative particles in each cell. For this level of resolution, we only find minor differences between runs started with identical parameters but different random seeds, as is usually practiced for Monte Carlo methods.
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Fiducial run
For our fiducial run we choose Π = 0.05, corresponding to a pressure gradient slightly reduced with respect to the nominal MMSN model, where Π ≈ 0.08 at 5 AU. However, this value matches a more realistic disk model presented by Chiang & Youdin (2010) . In general, the value of Π increases with the radial distance from the star. In the MMSN model Π ≈ 0.055 × (r/AU) 1/4 , whereas in the Chiang & Youdin (2010) model Π ≈ 0.036 × (r/AU) 2/7 . We start the run with the vertically integrated dust-to-gas ratio of Z = 0.05, a factor of five higher than the usual solar metallicity. For the impact velocity above which the particles fragment, we take v f = 1000 cm s −1 . A setup of this kind could correspond to a pressure trap induced by a long-lived zonal flow (Dittrich et al. 2013) . Figure 3 shows the evolution of grain size distribution in the fiducial run. For comparison, we also show the evolution of the same run but without the planetesimal formation algorithm enabled. A typical sedimentation-driven coagulation scenario happens: the equal-sized particles initially grow slowly thanks to the Brownian motion. Then, the particles in the upper layers start to grow much faster than those in the midplane, because the settling velocities increase with height (Eq. 6). The largest aggregates sweep-up smaller particles while they settle down and thus further increase their settling velocity, resulting in formation of a bimodal size distribution at ∼600 yrs. Then, the particles encounter the fragmentation barrier and a coagulation-fragmentation equilibrium develops, leading to a power-law-like size distribution. The slope of the distribution depends on mass distribution of fragments implemented. We implement the fragment distribution n(m) dm ∝ m −11/6 dm, corresponding to the MRN distribution (Mathis et al. 1977) . We find that the coagulationfragmentation equilibrium in the dead zone, where collisions are mainly driven by the systematic drift, leads to the size distribution
visible in the bottom panel of Fig. 3 . The evolution proceeds identically in both cases: with and without planetesimal formation, until ∼1000 yrs. After this time, both the conditions described in Sect. 2.2 are fulfilled and some particles are removed to account for the planetesimal formation. Removing the large grains slows down the collisional evolution, which can be seen in the fourth panel of Fig. 3 , because the missing large grains possess very high interaction rates and would normally participate in many collisions. However, this effect is quickly smeared out by the development of the coagulationfragmentation equilibrium. The final difference between the size distributions is not very pronounced. Figure 4 presents an extended overview of the fiducial run time evolution. Panel a) presents how the dust and planetesimals abundance changes with time. Planetesimal formation starts at t ∼990 years and lasts ∼ 6 × 10 4 years. Planetesimal formation efficiency decreases over time. Panels b) and c) correspond to the two conditions that have to be fulfilled simultaneously to allow planetesimal formation: high metallicity in the form of large grains (Z(St > 10 −2 ) > Z crit ) and the midplane dust-to-gas ratio higher than unity. In the presented case, the first condition is already fulfilled at t ∼700 years, but the settling takes an additional ∼ 300 years which delays the onset of planetesimal formation. The large quantity of large grains already present results in a planetesimal formation outburst: around 40% of the final number of planetesimals is formed in the first planetesimal-forming step. After this, the turbulence generated by the streaming instability stirs the midplane layer below the threshold dust density again. Interplay of growth and settling leads to refilling the reservoir of large grains. Each time a clump is removed, the total metallicity Z tot decreases and the threshold metallicity Z crit increases (Eq. 12). After ∼ 6×10 4 years, Z crit is so high that the coagulation cannot produce enough large grains and planetesimal formation is no longer possible.
The fact that the sedimentation takes longer than growth up to the required sizes is not a general rule. In some of the other runs, presented in the following section, we observe the opposite relation, i.e., that the growth takes longer than settling. This occurs because both timescales are comparable in the dead zone case. Thanks to this, the sedimentation-driven coagulation may happen, where the growth and settling timescales for the rain-out particles are equal. to the gas density compared to the threshold value Z crit , and c) dust-togas ratio in the midplane compared to the threshold value of unity. The dashed vertical line corresponds to the time when the first planetesimals are formed. It can be seen that although the metallicity of large grains was already higher than Z crit at t ∼700 years (b), the planetesimal formation only starts at t ∼990 years (a) because the large grains have not settled to the midplane yet (c).
It is worth noting that the modeling of sedimentationdriven coagulation requires the vertical structure to be included. The sedimentation-driven coagulation determines the initial timescale of growth. The process we describe cannot be modeled in detail using vertically integrated algorithms, as these assume that equilibrium between vertical settling and mixing is reached on a timescale shorter than the growth timescale. We find that planetesimal formation starts before this equilibrium is reached.
Parameter study
In order to check how our results depend on the choice of parameters, we vary the fragmentation velocity v f , the pressure gradient Π, and the total vertically integrated metallicity Z tot . We perform 24 runs in total. Table 1 gives an overview of the parameter values used in our simulations and their results in terms of how much dust is turned into planetesimals and how long we have to wait for the planetesimal formation to be triggered. Our fiducial run is referred to as P5Z5V1000 in this table. Different panels of Fig. 5 show how the planetesimal formation changes when one (b) Total vertically integrated dust-to-gas ratio (c) Fragmentation velocity in cm s −1 (d) Total final mass of planetesimals produced with respect to the initial total mass of dust (e) Time when the planetesimal formation started in local orbital timescales of the parameters is varied from its fiducial value. We discuss the parameter dependencies further in this section.
Dependence on the pressure gradient
Both Johansen et al. (2007) and Bai & Stone (2010c) observed that with a lower pressure gradient it is easier to trigger the planetesimal formation. This effect may seem counterintuitive, as the streaming instability is driven by the existence of the pressure gradient and the sub-Keplerian rotation of gas. However, the radial pressure gradient provides free energy that triggers the turbulence; therefore, a lower pressure gradient weakens the turbulence and promotes particle settling to higher densities (see Eq. 8). In our model, the radial pressure gradient is parametrized by Π (Eq. 10). Based on the BS10 results, the critical metallicity for planetesimal formation, Z crit , is dependent on Π such that a lower pressure gradient promotes planetesimal formation (Eq. 12). What is more, with a lower Π, the collision speeds between particles are also lower and thus the maximum particle size and the corresponding Stokes number (St max ) are higher. This is because, as seen in Eq. (14), the maximum Stokes number we can obtain is inversely proportional to the maximum radial drift velocity, which is proportional to the radial pressure gradient. With the two effects combined, the effect of the radial pressure gradient is very strong. As can be seen in panel a) of we get a dramatic decrease in the number of planetesimals produced: from 40% to only 5% of the initial mass of dust.
Dependence on the metallicity
Increasing the total amount of dust available has a positive effect on the number of planetesimals that are formed. First of all, higher total metallicity directly translates into a larger quantity of large grains (Z(St > 10 −2 )) that can participate in the strong clumping that can lead to planetesimal formation. As seen in Eq. (12), higher total dust abundance lowers the critical vertically integrated dust-to-gas ratio Z crit because the higher dust abundance reduces the turbulence triggered by the instability (Eq. 8) and thus makes the clumping easier. The higher dustto-gas ratio in the midplane also leads to a faster rotation of the gas and reduction of the difference between the gas and Keplerian rotation (Bai & Stone 2010a ). This has a similar effect to reducing of the radial pressure gradient, which facilities the planetesimal formation, as discussed above. Finally, the higher metallicity speeds up the growth and the planetesimal formation is able to start earlier, as the growth timescale scales inversely with the vertically integrated dust-to-gas ratio ,
where v K is the Keplerian velocity. We observe that with metallicity Z tot > 0.03, the growth proceeds so quickly that it is the settling timescale which determines the onset of planetesimal formation. This effect takes place in our fiducial run P5Z5V1000. With these combined positive effects, metallicity strongly influences the number of planetesimals formed. However, the impact of metallicity is nonlinear: increasing it by 40% results in >40% increase in the number of planetesimals formed, but decreasing it by 40% with respect to the fiducial value results in almost no planetesimals being formed (panel b of Fig. 5 ). The strong dependence on the vertically integrated dust-to-gas ratio is consistent with the results of direct numerical simulations (Johansen et al. 2009b; Bai & Stone 2010a) .
Dependence on the fragmentation velocity
Dependence on the fragmentation velocity is the most straightforward. The value of v f only influences the maximum size of particles we are able to obtain by coagulation. The maximum Stokes number St max increases proportionally to the fragmentation velocity, as can be seen in Eq. (14). The higher the fragmentation velocity, the more grains will have a Stokes number above the critical value (St crit > 10 −2 ), and it is easier to reach the condition of the high metallicity of large grains (Z(St > 10 −2 ) > Z crit ). We present the dependence of our results on the fragmentation velocity in panel c) of Fig. 5 . For the chosen values, the v f does not influence the outcome as strongly as the other two parameters. However, as we show in Sect. 3, with even lower fragmentation velocities we would not be able to produce any grains larger than the critical size. As most of the mass is found in large grains, which is connected to the fragmentation law we chose, we conclude that the fragmentation velocity (once it has permited growth of grains with a Stokes number St > 10 −2 ) does not have a very strong influence on the number of planetesimals that can be formed.
Analytical model
We presented results of our numerical simulations following interplay between coagulation and planetesimal formation under different conditions in the disk. In this section, we construct a relatively simple formula that estimates the results and compute the efficiency of planetesimal formation in terms of the pressure gradient, initial vertically integrated dust-to-gas ratio, and fragmentation velocity.
As we describe in the previous sections, the most important property that determines whether planetesimal formation is possible is the quantity of dust grains with Stokes number higher than the critical value St crit = 10 −2 . If the Stokes number of the largest grains that can be produced by coagulation is St max > St crit , the quantity of grains of interesting sizes can be estimated taking into account the dust mass distribution. The mass distribution we obtain when the coagulation and fragmentation are in equilibrium is described with Eq. (15). We emphasize that this particular slope is a result of the chosen distribution of fragments, which was described in Sect. 4.1.
Taking into account that m ∝ St 3 (in the Epstein drag regime, which applies to the small grains that we obtain in our simulations) and dlogm = dm/m, we can rewrite the size distribution (Eq. 15) in terms of the Stokes number
The relative amount of dust above a critical Stokes number St crit is
The minimum Stokes number St min is in principle determined by the size of monomers, and for µm-sized grains St min ≈ 10 −6 . The maximum Stokes number St max is determined by the fragmentation velocity v f and the impact speeds. In the dead zone case, collisions are mainly driven by radial, azimuthal and vertical drift and the maximum size of grains is estimated accurately by Eq. (14). We assume the critical Stokes number of St crit = 10 −2 , as discussed in Sect. 2.2.
The planetesimal formation happens as long as the abundance of large grains is higher than critical (Z(St > 10 −2 ) > Z crit ). The threshold abundance Z crit is dependent on the pressure gradient Π and the total metallicity Z tot , as described with Eq. (12). When planetesimals are produced, the total metallicity decreases and thus the critical metallicity increases. The planetesimal formation stops when the quantity of large grains, corresponding to Z(St > 10 −2 ) cannot reach the threshold value Z crit anymore. Taking into account the ratio of the mass included in large grains to the total mass resulting from the equilibrium mass distribution (Eq. 18), we can derive a critical total vertically integrated dust-to-gas ratio Z tot,crit below which planetesimal formation is no longer possible. Using Eqs. (12) and (18), we obtain
The values of a, b, and c are given in Sect. 2.2, and the values of the Stokes numbers are discussed under Eq. (18). The end of the planetesimal formation phase happens when the total metallicity Z tot has dropped below the critical total metallicity Z tot,crit and the relative number of planetesimals produced M plts /M tot can be estimated as
where Z tot,0 is the initial total metallicity. Figure 6 shows a comparison of the relative planetesimal mass produced, M plts /M tot , obtained with Eq. (20) and measured in our simulations (Table 1 ). The efficiency of planetesimal formation given by Eq. (20) tends to slightly underestimate the results of our simulations. We associate this with the mass distribution peak around maximum grain size visible in the bottom panel of Fig. 3 , which is not covered by the simple power law (Eq. 17) that we used to derive Eq. (20) . This peak arises because of the fragmentation barrier: particles that grow mostly in roughly similar-sized collisions, suddenly lack slightly larger collision partners. In order to sustain a steady state, the particles pile up around the maximum size (Birnstiel et al. 2011 ). 
Discussion
The work we have presented includes some inevitable assumptions. In this section, we discuss uncertainties contributed by these assumptions as well as possible ways to improve our work.
The collision model used in our work is highly simplified, restricting all the collision physics to one crucial parameter: the fragmentation velocity v f . What is more, we assume that all the dust grains are spherical and compact, with a constant internal density. It is known that the internal structure of grains is important to the coagulation (Ormel et al. 2007; Okuzumi et al. 2009; Meru et al. 2013b ) and dynamics Hubbard & Ebel 2014) . However, we lack reliable models of icy aggregate porosity, because laboratory experiments including the ices are particularly challenging. Our work may be improved in the future, as soon as laboratory data on collisions of icy aggregates are available.
Our streaming instability model relies on the work of BS10 and thus inherits all its uncertainties. The highest uncertainty is probably contributed by the fact that we focus on their 2-D simulations results, as due to computational expense reasons, the extended parameter study was performed in 2-D only. Bai & Stone (2010a,c) reported that the conditions for the strong clumping are more stringent in 3-D than in 2-D, thus our model may be a bit too optimistic. On the other hand, the BS10 models do not include the particle's self-gravity, which might help to obtain strong clumping for lower metallicity or higher pressure gradient. This is because with the self-gravity a dust clump is able to collapse even if its initial density is lower than the Roche density (Michikoshi et al. 2010) . Bai & Stone (2010a,c) reported that their runs saturate within ∼50-100 orbits. This is the time the dust needs to settle and the streaming instability needs to develop. The settling timescale is self-consistently included in our models, but we neglect the time the streaming instability needs to develop: we assume the streaming instability is able to produce planetesimals immediately after the dust has settled and a sufficient quantity of large grains is present. We motivate this assumption by the fact that the timescale of dust coagulation is typically longer than the timescale to develop the instability. What is more, the timescale for clump collapse measured in simulations that include selfgravity is very short, on the order of one orbit (Johansen et al. 2011) . Bai & Stone (2010a,c) assumed a flat mass distribution in logarithmic bins in the Stokes number, whereas in our models the mass distribution is a result of realistic coagulationfragmentation cycle and roughly follows the power law described with Eq. (15). The model we built to overcome the problem of incompatible size distributions relies on splitting the dust mass into particles larger and smaller than a size corresponding to the St crit = 10 −2 . We assume that the large particles actively drive the instability and participate in clumps, and fit the dependence of critical abundance of the large aggregates on the total metallicity (Sect. 2.2, Fig. 1 ). Both the choice of a constant value of St crit , and our fits should be rather treated as a first approximation. Given the limited data of the BS10 papers, this is the best we can do. This model may be improved as soon as more detailed parameter studies of the streaming instability become available. What is necessary is a more systematic parameter scan of the 3-D streaming instability models, ideally going hand-in-hand with results from coagulation models to ensure that realistic particle size distributions are used in these 3-D models.
The BS10 results are restricted to laminar disks, without the turbulence, unlike the work of Johansen et al. (2007) . It is known that some source of viscosity is necessary as a mechanism of the angular momentum transport, which enables the disk accretion on observed timescales (Shakura & Sunyaev 1973) . The magnetorotational instability (MRI) was considered as a mechanism to drive turbulence that is a source of such viscosity (Balbus & Hawley 1991) . Thus, neglecting the turbulence may seem a serious restriction. However, many models of protoplanetary disks suggest that large regions of the disks can be free from the MRI (Gammie 1996; Turner et al. 2007; Dzyurkevich et al. 2013) . In this picture, the midplane is quiescent, but the upper layers may still be active. The turbulence from the active layers may stir the midplane, which we neglect in this paper. Recently it was shown that the MRI is inefficient or even completely suppressed in the inner regions of disks when all the non-ideal magnetohydrodynamic effects, such as the ambipolar diffusion and the Hall effect, are taken into account (Bai 2013 (Bai , 2014 Lesur et al. 2014 ). The typical extent of this dead zone is from 1 AU to 10 AU, which covers the planetesimal formation region we investigate. Thanks to the existence of a dead zone, not only are the planetesimals able to form, but they also avoid destructive collisions and grow by the runaway growth (Gressel et al. 2011 (Gressel et al. , 2012 Ormel & Okuzumi 2013) . The evolution of the planetesimals and their interaction with the remaining dust is not yet included in our model.
The extent of the dead zone is regulated by the quantity of small dust grains, whose large surface-to-mass ratio enables the sweep-up of free electrons from the gas and thus decreases the ionization (Sano et al. 2000; Ilgner & Nelson 2006) . In the case of efficient growth of dust grains, the dead zone vanishes (Okuzumi 2009; Okuzumi & Hirose 2012 ). In our model, we neglect the dead zone evolution, but as we keep a significant number of small grains because of the fragmentation barrier, we consider this a safe approach.
We place our models at 5 AU, relying on our estimates, which show that it is not possible to grow sufficiently large grains out of silicate aggregates when the bouncing barrier is acting (Sect. 3). It was shown that the bouncing barrier can be overcome and large grains can grow when the fragmentation with mass transfer effect is taken into account (Windmark et al. 2012b; Garaud et al. 2013; Drążkowska et al. 2014) . However, the impact velocity distribution that is necessary to produce the seed gains in those papers is contributed by the MRI turbulence, which is not present in a dead zone. The MRI turbulence would make it harder to trigger the streaming instability, as it does not allow a very thin midplane layer to form. Thus, the sweep-up growth scenario may be operating and forming planetesimals preferentially in the active zone of protoplanetary disk, whereas the scenario we investigate in this paper works better in the dead zone.
Another way of forming sufficiently large aggregates inside the snow line is co-accretion of dust and chondrules, suggested by Ormel et al. (2008) and subsequently investigated in laboratory experiments by Beitz et al. (2012) and Jankowski et al. (2012) . In this scenario, chondrules acquire dusty rims that facilitate their sticking and allow the bouncing barrier to be overcome. As shown by Ormel et al. (2008) , this scenario requires moderately low turbulence, which would also be favorable for planetesimal formation via the streaming instability.
Our models are local and neglect the radial drift. The radial drift timescale for pebbles of St = 10 −2 at 5 AU is on the order of 10 3 orbits, which is one order of magnitude longer than the coagulation needs to trigger the streaming instability, thus we consider this a safe approach.
We assume that metallicity is enhanced over the standard solar value of 0.01. Such an enhancement could form in a radial drift dominated disk, where the pebbles necessary to trigger the streaming instability are drifting inward and may form pile-ups, as suggested by Youdin & Shu (2002) , Youdin & Chiang (2004) , Laibe et al. (2012) , and Laibe (2014) . However, such an enhancement typically happens inside the snow line, where growing sufficiently large particles is suppressed by the non-stickiness of aggregates and the existing large aggregates may be destroyed by ice evaporation and high-speed collisions. A way to overcome this problem may be the reduction of impact speeds in the presence of strong dust-to-gas ratio enhancements (Nakagawa et al. 1986; Bai & Stone 2010a) , which is not yet included in our code. The reduction of impact speeds would, in general, help to form larger aggregates and thus to produce more planetesimals.
Another possibility that would justify the enhanced metallicity and the reduced pressure support at the same time is the existence of some kind of pressure bump. However, the formation process and lifetime of such pressure bumps remains uncertain. Pressure bumps caused by zonal flows have been observed in numerical simulations including the MRI turbulence (Johansen et al. 2009a; Dzyurkevich et al. 2010; Uribe et al. 2011 ), but their lifetimes are up to 50 orbits (Dittrich et al. 2013) . A pressure bump arising around the snow line was suggested by Kretke & Lin (2007) , but it was recently found to require an unrealistically high viscosity transition (Bitsch et al. 2014) . What is more, complicated evaporation and condensation processes have to be taken into account to model the size evolution of dust (Kuroiwa & Sirono 2011) when considering the region near the snow line. Thus, our model is not self consistent in the pressure bump and dust enhancement origin aspect: we start our runs with metallicity already enhanced by a factor of a few with respect to a nominal solar value, as otherwise the planetesimal formation by streaming instability is not possible. We investigate the interplay between vertical settling, coagulation, and planetesimal formation, ignoring the radial drift of dust. Such an enhancement would in reality build up over a timescale determined by the radial drift, even in the presence of a pre-existing pressure bump. We plan to investigate the effects of radial drift on our results in a future work.
The sizes of clumps and planetesimals created by the streaming instability are highly uncertain, as the hydrodynamic simu-lations have limited resolution and are typically not able to follow the clump collapse with realistic collisional behavior. As described in Sect. 2.2, we assume that the collapsing clumps have identical mass, which is estimated based on the height of the dust layer (Eq. 13). This is only an order-of-magnitude estimate, which is not necessarily consistent with the recent results of Yang & Johansen (2014) , as discussed in Sect. 2.2. However, we find that, although the details of evolution are dependent on the assumed clump mass, the final outcome in terms of total planetesimal mass produced is not.
Conclusions
The streaming instability was proposed as an efficient way of overcoming the growth and drift barriers and forming planetesimals. However, strong clumping was proven to require large grains. In this paper, we investigated whether large grains can form in sufficient amount during coagulation under realistic conditions. We developed and implemented a simplified model for planetesimal formation in our dust coagulation code, as described in Sect. 2. Our work is a step toward a unified model for planetesimal formation because we join the dust coagulation modeling with planetesimal formation via streaming instability for the first time.
We find that planetesimal formation by streaming instability is hindered for the silicate aggregates because the bouncing barrier prevents growth to the sizes (Stokes numbers) needed to trigger the streaming instability. It is possible to obtain the minimum size of particles, corresponding to the critical Stokes number (St crit = 10 −2 ), for the stickier, icy aggregates, which are present beyond the snow line. If some way can be found to overcome the bouncing barrier, we can also expect the streaming instability to operate inside the snow line. However, the strong clumping may only be triggered when the vertically integrated dust-to-gas ratio is enhanced by a factor of at least three with respect to the solar value of 0.01 and/or the radial pressure gradient is reduced with respect to the standard minimum mass solar nebula model. What is more, a dense midplane layer of solids have to be formed, which is only possible if the turbulence is relatively weak.
We modeled the interplay of dust coagulation and settling and planetesimal formation and performed a parameter study, varying the radial pressure gradient, metallicity and fragmentation velocity. We investigated how these values influence the amount of planetesimals formed. We proposed a simple explanation of the obtained results, by constructing an analytical expression for the maximum number of dust that can be turned into planetesimals (Sect. 4.3) . This model can be used in future projects, for example to constrain initial conditions for planetesimal evolution models or in planet population synthesis codes.
